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Climatic changes
We examine a suite of climate variables in the North Pacific associated with different temporal scales of dry and
wet episodes in the Hawaiian Islands. The goal is to ascertain whether varying the length in the occurrence of
such events from seasonal to multi-decadal results from different ocean–atmosphere circulation patterns over
the North Pacific region. We find that as the dryness period lengthens, the spatial scale of the anomalies widens,
but the characteristics of the anomalous circulation fields exhibit elements evident at each time scale. At the
longest (multi-decadal) time scales during the wet season (November–April), the major anomalous circulation
features associatedwith above (below) average rainfall in Hawai'i are a strengthening (weakening) of the North
Pacific mid-latitude westerlies associated with a strengthened (weakened) Aleutian Low system, a slight weak-
ening (strengthening) of the northeast trade winds, with anomalous northerly (southerly) component to the
south of the Islands, togetherwith diminished (enhanced) precipitation acrossmost of the tropical North Pacific.
During the summer dry season (May–October) a characteristic pattern that is evident at different time scales during
drier than normal periods is a strengthening of the trade winds to the south of the Islands, with sinking motion
extending from the latitude of Hawai'i eastward to Central America. Conversely, wet summers are associated
with generally weaker trades to the south with a tendency for anomalous southwesterly component. We also con-
sider possible changes in the relationship of Hawaiian rainfall to changes in the Pacific-Decadal Oscillation (PDO)
but conclude that the record is too short to establish the significance of any changes in an overall negative
correlation.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Although the Hawaiian Islands contain some of the rainiest sites on
Earth, periods of sustained dryness do affect the Islands periodically
(Giambelluca et al., 1991). Some previous studies that have examined
rainfall variability in Hawai'i include those by Lyons (1982) and Chu
(1989) for seasonal means, and those by Chu and Chen (2005), Timm
and Diaz (2009), Chu et al. (2010), and Elison Timm et al. (2011) for
interannual to decadal and longer timescales. Secular trends are also
evident in many other regional climatic series (Giambelluca et al.,
2008; Diaz et al., 2011).
Rainfall in Hawai'i is characterized by a wet winter half-year and a
dry (summer) season. Four different mechanisms for rainfall produc-
tion have been identified in previous meteorological studies (Chu
et al., 1993; Schroeder, 1993). Several primary mechanisms have
been found to modulate rainfall in the Hawaiian Islands (Lyons,
1982), but we will here focus mainly on changes in the strength
trade wind‐induced rainfall along the windward-facing sides of the
mountain slopes, and changes in the influence of westerly distur-
bances that affect the Islands mostly during the winter half-year.
We explore the following question: Is there a difference in the
large-scale circulation features in the North Pacific sector associated
with drought in Hawai'i when they are examined at annual, decadal,
and multi-decadal time scales? We also examine possible changes in
the strength of the association between Hawai'i rainfall and the Pacific
Decadal Oscillation, and include some discussion about the possible
effects of global warming on Hawai'i's rainfall regime.
The extreme spatial diversity of rainfall in Hawai'i (Giambelluca
et al., 2012) calls attention to the dominant controls on rainfall, and
sheds light on the circumstances that produce drought. Orographic
lifting of trade winds provides persistent rainfall along east facing
mountain slopes, reaching near world-record mean annual totals at fa-
vored locations. Topographic blocking and channeling of winds and
thermally-driven local circulation near coasts and along slopes alters
the trade-wind pattern, most notably in the Kona region of Hawai'i
Island, where westerly surface flow produces a summer-maximum
rainfall regime unique in the islands. Lastly, Hadley cell subsidence
maintains a temperature inversion, known as the trade wind inversion
(TWI), found 80–90% of the time at an average elevation of about
2200 m (Cao et al., 2007), which effectively caps lifting and produces
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arid zones at the tops of Hawai'i's highest mountains. Leeward coastal
areas and the high summits receive significant rainfall only during dis-
turbances, mainly subtropical lows (Kona storms), upper level lows,
and cold fronts, all of which occur mainly during November–April.
Hawai'i is strongly affected by the Pacific-centered coupled
ocean–atmosphere modes, El Niño-Southern Oscillation (ENSO) and
Pacific Decadal Oscillation (PDO). El Niño events are highly correlated
with deficient winter rainfall in Hawai'i, while the positive (negative)
phase of the PDO is linked with multi-decadal dry (wet) periods (Chu
and Chen, 2005). Generally, drought in Hawai'i can result from an
absence of the disturbances that usually interrupt subsidence and
eliminate the TWI, and/or from a lengthy period without trade
winds. Thus, droughts are likely to be associated with particular
anomalies in North-Pacific-wide atmospheric circulation patterns.
However, it is not known how these circulation anomalies might dif-
fer when assessing drought on different time scales. Rainfall changes
projected for the Hawaiian Islands region associated with global
warming are uncertain (Timm and Diaz, 2009; Elison Timm et al.,
2011); hence an analysis of observed changes expressed over varying
time intervals could be useful for climate change detection and attri-
bution purposes.
2. Data and methods
We have produced a comprehensive precipitation data set of the
State of Hawai'i based on the summary of the month climate data
set from the National Climatic Data Center (NCDC) in Asheville, NC,
supplemented by additional station records digitized from original
records available at the University of Hawai'i at Mānoa, and other
small networks. The data set comprises 928 rainfall measuring sta-
tions covering the period 1920–2007 (see Fig. 1; Giambelluca et al.,
2011; Frazier, 2012). Gaps in the record were filled in using optimal
regression estimates for stations with>20 years of record (Eischeid
et al., 2000). In some data sparse regions, the normal ratio method
was used for gap filling, referenced to up to 4 stations with the best
calendar month correlation with the target stations. The individual
estimates were then averaged to fill the missing record. The Thiessen
Polygon method was used to produce area-weighted averages for
individual islands and the whole State (Frazier et al., 2011). Table 1
gives state mean monthly precipitation values and Table 2 compares
30-year means from different precipitation climatologies for the
State.
Fig. 1.Monthly rainfall station network for the State of Hawai'i. Stations with records filled using the Eischeid et al. (2000) method, requiring at least 20 years of data are shown in
pink. Stations with less than 20 years of record filled with the normal ratio method are shown in blue (see Frazier, 2012).
Table 1
Mean monthly rainfall for Hawai'i averaged over the
period 1920–2007.
Month Mean (mm)
Jan 180.3
Feb 146.6
Mar 193.8
Apr 166.6
May 123.4
Jun 88.1
Jul 118.6
Aug 128.0
Sep 110.5
Oct 132.1
Nov 171.2
Dec 174.2
Annual 1733.4
Table 2
Comparison of annual mean precipitation values for the main Hawaiian Islands based
on different sources: the 2011 Rainfall Atlas (1978–2007; Giambelluca et al., 2011),
PRISM maps (1971–2000; Daly et al., 2006), 1978–2007 areal averages derived using
the Thiessen Polygon method (Frazier et al., 2011) for the major Hawaiian Islands.
Values in inches as in the original data.
2011 Rainfall
Atlas
PRISM Thiessen polygon
analysis
Kaua'i 84.26 86.74 79.04
O'ahu 64.10 67.14 59.35
Moloka'i 48.58 43.83 46.47
Lāna'i 22.04 24.22 20.92
Maui & Kaho'olawe 77.36 74.36 75.64
Hawai'i 72.75 72.65 70.16
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Seasonal rainfall totals for each year from 1920 to 2007were ranked
to identify the driest November–April (typically the rainier season) and
May–October (typically drier) seasons over varying length periods.
Different atmospheric circulation indices are composited for analysis
for each season based on these years. In order to explore how the
climate patterns changed depending on the averaging length, we re-
peated the analyses using the driest and wettest consecutive 10 and
25 years in the record. For upper air data we used the NCEP Reanalysis
(NRA) data set (Kistler et al., 2001) available fromNOAA/ESRL at http://
www.esrl.noaa.gov/psd/psd1/ for the period 1948–2007, and for the
period prior to 1948 from the historical reanalysis (HRA) data set
(Compo et al., 2011) also available from the NOAA/ESRL website. We
focused on three reanalysis variables as representative of circulation
pattern differences in the different periods—the 1000 mb vector wind
anomaly field, the anomaly field of 700 mb vertical velocity (omega),
and the anomaly field of surface precipitation rate. The vector wind
anomaly is helpful in visualizing changes in the large-scale near-
surface circulation, while the vertical motion field at 700 mb is closely
tied to thermodynamic stability in the Islands because of the trade
wind inversion and derived precipitation field is useful for comparison
with the station values.
3. Analysis results
3.1. Shorter-length dry spells
Table 3 lists the 10 driest 6-month winters (November–April) and
6-month summers (May–October) since 1948 for the State as a whole
along with the percent of normal (with respect to the 1920–2007
period of record mean). Note that seven of the top ten winter (wet
season) droughts are associated with El Niño events, four of which
are characterized as strong (1972–1973, 1982–1983, 1991–1992
and 1997–1998). For these years the corresponding seasonal precipi-
tation was two-thirds of the long-term mean or less, including two
seasons with less than 50% of the mean. Fig. 2 shows composite
anomalies of near surface (1000 mb) winds, the vertical motion
field at 700 mb, and surface rain rate. As one might expect, these
dry intervals are associated with anomalous anticyclonic flow and
weaker trades in the vicinity of the Hawaiian Islands, anomalous sink-
ing motion in the middle troposphere and reduced rain-rate as spec-
ified in the NCEP Reanalysis data. A deeper Aleutian Low and
attendant enhancement of the North Pacific westerlies north of
Hawai'i is evident.
The anomalous patterns representative of dry years during the
nominal “summer” dry season period (Table 3) are illustrated in
Fig. 3. Anomalous anticyclonic circulation is centered near and to
the northwest of the Islands and is associated with strongly divergent
flow to the south and strong anomalous subsidence over Hawai'i.
Both sets of seasonal droughts are accompanied by enhanced rainfall
Fig. 2. Circulation anomaly features of representative dry “winter” seasons. Top
panel: Anomalous near-surface (1000 mb) vector wind field (m/s) for the period
November–April of the years listed in Table 3 (year refers to that of January). Middle
panel: Anomalous vertical velocity at 700 mb (Pa/s, positive downward). Bottom
panel: Anomalous rain rate (mm/d). Data from NCEP Reanalysis; 1981–2010
climatology.
Table 3
Listing of significant seasonal dry spells for Hawai'i since 1948. Percentages are relative
to a 1920–2007 State average for the driest 10 (out of 60) individual seasons.
November–April rainfall May–October rainfall
Year % of Normal Year % of Normal
1991–1992** 47.3% 1975Δ 56.8%
1982–1983** 49.1 1953 60.3
1980–1981 50.6 1971Δ 61.3
1977–1978 51.3 1984 61.7
1997–1998** 54.0 1999 61.8
2002–1903* 54.8 2007 64.8
1983–1984 59.1 1973** 66.3
2006–1907* 63.6 1949 66.6
1972–1973** 67.0 1976 67.3
1994–1995* 71.2 2003* 74.6
Moderate El Niño events are denoted by a *, strong El Niño events are denoted by **.
The winter of 1977–1978 was associated with weak El Niño conditions. For the May–
October season the Niño years are for (Year+1) of the event. Δ Denotes a La Niña year.
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in the region of the Intertropical Convergence Zone (ITCZ) to the
south with drying to the north, including the Hawaiian Islands.
There is no clear association between dry summers and either the
warm or cool ENSO phase. The large-scale anomalous rainfall pattern,
shown in Fig. 3, points to an interesting distinction in the location of
the rainfall deficit between the winter and summer time regimes.
For the former, the anomalous dryness is located more directly over
and south of Hawai'i, whereas for the latter season, the strongest
dryness is over the Islands and extending eastwards toward North
America.
Table 4 lists the corresponding 10 wettest November–April and
May–October seasons. Analogous to Figs. 2 and 3 for the driest sea-
sons, Figs. 4 and 5 illustrate the composite circulation patterns for
the corresponding set of the 10 wettest six-month seasons. In con-
trast to the driest years, the wettest winters tend to correspond to
La Niña conditions. In common with the dry years, the mean relative
anomaly for each 10-year set is in the range of ~40–50% of the
long-term mean. The winter anomaly patterns shown in Fig. 4 depict
low-level convergence around the Islands, and strong rising motion
with above-average rainfall rates. Comparison with Fig. 2 in particular
shows a distinctive reversal in the anomalous circulation in the North
Pacific with a weaker Aleutian cyclone during this wet winters. Wet
summers show generally stronger Northeast Trades and enhanced
rainfall over and to the north of the ITCZ.
Wet summers (Table 4 and Fig. 5) appear to be associated with
more localized anomalous circulation features, such as anomalous
near-surface cyclonic flow around the Islands and anomalous north-
ward flow from the region of the ITCZ. The anomalous rising motion
is of smaller spatial scale compared to the other seasonal extremes,
which is reflected in the localized nature of the heavier than normal
rainfall. It is interesting that many of these years are associated with
transitions to/from El Niño or La Niña years or ENSO-neutral years
(K. Kodama, National Weather Service, Honolulu, 2011, personal
communication).
3.2. Low frequency variability
3.2.1. Decadal-scale patterns
The Hawaiian Islands have also experienced anomalous rainfall on
decadal and multidecadal time scales, with a tendency for lower pre-
cipitation in recent decades (Chu et al., 2010). For extended dry and
wet periods starting before 1948, we composited data from the HRA
in order to examine possible secular changes in the large-scale atmo-
spheric circulation over the North Pacific. In Table 5 we list the de-
cades with the largest dry and wet percent departures from the
long-term seasonal means. As was done previously, we show the
anomaly fields for 1000 mb vector wind, 700 mb vertical motion
and surface rainfall rate for November–April composited for the
most extreme consecutive dry 10-year periods covering the interval
since 1948 (based on the NRA data set) and prior to 1948 based on
the HRA data set (Figs. 6, 7). A similar analysis was done for the
May–October season (Figs. 8, 9).
Table 4
As in Table 3 but for the 10 wettest November–April and May–October seasons.
November–April rainfall May–October rainfall
Year % of Normal Year % of Normal
1981–1982 163.2% 1982 157.1%
1968–1969 161.4 1989 147.2
1988–1989ΔΔ 153.2 1958 139.9
1978–1979 153.0 1994 131.5
1979–1980a 151.3 1956 127.4
1967–1968Δ 149.5 1978 127.0
1970–1971Δ 143.8 1997 126.7
1990–1991 142.5 1967 124.1
2003–2004 138.9 1992 120.2
1950–1951Δ 138.6 1987 119.3
Moderate La Niña events are denoted by a Δ, strong La Niña events are denoted by ΔΔ.
For the May–October season the ENSO years are for (Year+1) of the event.
a Weak La Niña year.
Fig. 3. Same as Fig. 2, but for years with summer (May–October) drought for the years
listed in Table 3.
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The anomalous circulation patterns associatedwith the decadal-scale
extremes are similar to those based on averaging the set of individual dry
years (Table 3). As it turned out, the nominally dry November–April
10-year stretch from 1924–1925 through 1933–1934 was largely the
result of the extremely dry winter of 1925–1926, which coincidedwith
a strong El Niño event (Kiladis and Diaz, 1989)—In fact this is the driest
winter on record for Hawai'i with only 42% of average rainfall.We chose
to reproduce the corresponding pattern for this one season for reference,
as one-half of the seasons in this 10-year composite had normal to
above-normal rainfall.
The spatial scale and magnitude of the anomalies for the annual
versus decadal composite averages for the May–October season tends
to be somewhat weaker compared to that for the November–April
season (e.g., compare Figs. 2 and 3 with Figs. 6 and 9; and Figs. 4 and
5 with Figs. 8 and 10). In general during dry winter seasons, anomalous
Fig. 5. Same as Fig. 4, but for the wettest summer seasons listed in Table 4.
Fig. 4. Same as Fig. 2 but for the 10 wettest November–April years listed in Table 4.
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anticylonicflow is present in the vicinity of Islandswith divergentflow—
poleward to the north and equatorward to the south. Anomalous subsi-
dence is then found across a broad belt of the subtropical North Pacific,
with drier than normal conditions present in the general region near
Hawai'i. A stronger (weaker) than normal Aleutian Low accompanies
the above pattern for drier (wetter)winters. For drier summers stronger
northeast trades are evident to the south of the Islands, and these
converging winds enhance rainfall southwest of the Islands. Enhanced
subsidence and drier conditions are then more prevalent over the
Islands. The zonally extensive anomalous vertical motion field for the
longer time scale (Figs. 6, 8, 9 and 10) suggests a modulation in the
strength of the northern Hadley Cell in our geographic domain (Diaz
and Bradley, 2004). During summer drought anomalous low-level di-
vergence is prevalent to the east of the Islands together with a drier
ITCZ region to the south and east, with the dryness extending northwest
and covering the islands.
3.2.2. Multidecadal patterns
Table 5 lists four 25-year intervals—two associatedwith dry andwet
winter seasons and two for the summer season—that were selected to
composite the three circulation variables used here to assess differences
in drought patterns on different time scales. The maps representing the
dry and wet November–April periods (Figs. 11 and 12) depict patterns
that are rather similar to those obtained for the shorter averaging inter-
vals (for example compare with Figs. 2, 4, 6, and 8). A robust and prom-
inent feature of winter rainfall variations in Hawai'i is the appreciable
change in the North Pacific circulation associated with the Aleutian
Low. For the May–October season (Figs. 13 and 14) circulation anoma-
lies that are similar to those at shorter time scales are also evident. In
this case changes in the easterly wind regime to the south and east of
the Islands is the predominant signal.
3.2.3. PDO and Hawaiian rainfall
Times series of statewide and individual island rainfall indicate a
substantial modulation of precipitation in Hawai'i related to the
PDO (Chu and Chen, 2005). Below we examine whether the nominal
negative correlation between precipitation and the PDO index prior
to the mid-1970s climate shift may have changed since that time,
and if so, suggest some possible causes.
Fig. 15 shows decadally smoothed trends in precipitation forHawai'i
using our serially complete 1920–2007 precipitation dataset plotted
against the similarly smoothed PDO index. Although the record length
is insufficient to argue conclusively for a robust association between
the PDO and Hawaiian winter rainfall, an analysis of these curves
suggest some degree of negative correlation between the series (see
Table 6). Certainly for the period prior to the late 1970s climate shift
in the Pacific (Graham, 1994; Miller et al., 1997) and in particular for
the northernmost island of Kaua'i the correlations are large and statisti-
cally significant. However, since about 1980 the rainfall associationwith
the PDO index has become much weaker or non-existent.
Fig. 6. Same as Fig. 2, except averaged for November–April of 1991–1992 to 2000–
2001.
Table 5
Listing of significant wet and dry season decadal and multidecadal dry and wet periods
expressed as percentages relative to the 1920–2007 means. Data considered for the full
period of record to examine patterns in the recent (post ~1950) and earlier record.
Decadal scale (driest/wettest 10 consecutive years)
November–April May–October
Years % of Normal Years % of Normal
Deficient rainfall Deficient rainfall
1991–1992 to 2000–2001 80.6% 1968–1977 80.2%
1924–1925 to 1933–1934 89.8% 1944–1953 87.3%
Abundant rainfall Abundant rainfall
1966–1967 to 1975–1976 117.9% 1934–1943 122.3%
1946–1947 to 1955–1956 109.2% 1985–1994 114.9%
Multidecadal scale (driest/wettest 25 years)
November–April May–October
Years % of Normal Years % of Normal
Dry 1982–1983 to 2006–2007 91.0% 1953–1977 93.4%
Wet 1947–1948 to 1971–1972 107.6% 1924–1948 107.0%
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While the PDO index has been fluctuating near the neutral level
since about the mid-1990s, with the seasonal mean PDO index
reaching negative territory for 7 of the 13 winters since 1998, rainfall
in Hawai'i has remained relatively low. In fact, some of the State's
driest years have occurred since the mid-1990s. A recent paper by Li
et al. (2011) documents significant heat flux changes in the Pacific
and suggests that the changes are closely linked to global warming
forcing. In particular, Fig. 5 of Li et al. (2011) suggests lower latent
heat fluxes, particularly post-1990 in a broad region around and
northeast of Hawai'i, which in the context of the changes illustrated
in, for example Figs. 11 and 13, could have led to reduced rainfall in
the Hawaiian Islands in the past couple of decades.
We calculated regressions between pentad (5-year) averages of
island and Statewide winter rainfall and similarly averaged values of
the November–April PDO Index, shown in Table 6. In general, the
coupling between the winter PDO index and winter rainfall is evident
during the pre-climate shift period, Maui Nui (including Maui, Lāna'i
and Moloka'i) being the exception. The strength of this relationship,
as indicated by the slope and r2, was lower in the post-shift period
in all cases. To illustrate the relative effect of the ~1.5 PDO units
Fig. 8. Same as Fig. 4 except averaged for November–April of 1967–1976.Fig. 7. As in Fig. 2 but for the 1925–1926 winter season.
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difference between average high and low phases of the oscillation
(based on the relationship prior to the mid-1970s shift), the change
in winter precipitation amounts to a variation of about 130 mm for
the State as a whole, or ~12% of its 1920–2007 average of 1064 mm
(Frazier et al., 2011).
In recent decades, winter rainfall in Hawai'i has been lower than
would be expected based on the historical relationship with the
PDO. Work by Bonfils and Santer (2011) and by Li et al. (2011) sug-
gest the possibility that global warming may influence the temporal
characteristics of the PDO mode in the Pacific. Trenberth and Shea
(2006) for example have argued for a global warming signal conflated
with regional sea surface temperature increases associated with
the Atlantic Multidecadal Oscillation (AMO), which in turn may
have affected the strength of teleconnection patterns. Furthermore,
changes due solely to natural (internal) variability that has been
documented in a number of studies (e.g., Ramage, 1983; Diaz et al.,
2001) are also capable of modulating apparent associations using rel-
atively short periods of record.
The recent change in the strength of the association of the PDO
mode with winter rainfall in Hawai'i may be a natural fluctuation,
and the climate record is too short to conclude with any confidence
Fig. 10. As in Fig. 5, except for the 10-year period 1985–1994.
Fig. 9. Same as Fig. 2 except averaged for May–October of 1968–1977.
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that such changes are in fact taking place. However, it is at least plau-
sible that the apparent change in the PDO–Hawai'i rainfall association
of the past decade or two will prove to be robust (see Grassi et al.,
2012).
4. Summary and discussion
We examined the question of whether the anomalous circulation
patterns associatedwith dry episodes in theHawaiian Islands are differ-
ent depending on the time scale in question. At the shorter seasonal
time scale, the circulation pattern affecting the islands during winter
dry spells exhibit the nominal characteristics present during strong or
moderate El Niño events—in fact many of the driest winter seasons
are El Niño years. Those years often display anomalous cyclonic flow
to the north and anticyclonic flow to the south with strong sinking
motion straddling the latitude of the islands. For longer averaging
periods (10–25 years), the spatial scale of the anomalies widen some-
what, but the composite anomalous circulation fields contains elements
present at all time scales. There is a suggestion of a weakening of the
northeast trade winds since the mid-1970s (Garza et al., 2012), and a
number of studies that suggest changes in the width of the tropical
Fig. 12. Same as Fig. 4 except for the 25-year period 1948–1972.
Fig. 11. Same as Fig. 2 except for the 25-year period 1983–2007.
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belt (Seidel et al., 2008; Lu et al., 2007, 2009), both of which would
affect the Hawaiian Islands with diminished precipitation.
Previous work by Timm and Diaz (2009) using synoptic-statistical
methods to downscale IPCC AR4 (Solomon et al., 2007) climate model
projections for the latter part of the 21st century found a possible 5–
10% decrease in winter rainfall for the State. In a separate study using
ENSO and PNA variations from observations and from the IPCC climate
models to project precipitation changes in Hawai'i, (Elison Timm et al.,
2011, their Fig. 7) showed that heavy rainfall (daily rainfall totals
exceeding the 90th percentile), declined significantly following the
mid-1970s climate shift, and was projected to remain lower and possi-
bly decrease further.
Provisional rainfall data since 2007 available from NCDC show
continuing dryness throughout the State of Hawai'i affecting both
winter and summer seasons, with severe to extreme drought cover-
ing nearly the entire State in 2010 (http://droughtmonitor.unl.edu).
In 2012 drought conditions are once again expanding over the Islands,
with severe to extreme drought covering much of the leeward areas
of the State.
Fig. 14. Same as Fig. 5 except for the 25-year period 1924–1948.
Fig. 13. As in Fig. 3, except for the 25-year period 1953–1977.
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